The AAA+ ATPases pontin and reptin function in a staggering array of cellular processes including chromatin remodeling, transcriptional regulation, DNA damage repair, and assembly of macromolecular complexes, such as RNA polymerase II and small nucleolar (sno) RNPs. However, the molecular mechanism for all of these AAA+ ATPase associated activities is unknown. Here we document that, during the biogenesis of H/ACA RNPs (including telomerase), the assembly factor SHQ1 holds the pseudouridine synthase NAP57/dyskerin in a viselike grip, and that pontin and reptin (as components of the R2TP complex) are required to pry NAP57 from SHQ1. Significantly, the NAP57 domain captured by SHQ1 harbors most mutations underlying X-linked dyskeratosis congenita (X-DC) implicating the interface between the two proteins as a target of this bone marrow failure syndrome. Homing in on the essential first steps of H/ACA RNP biogenesis, our findings provide the first insight into the mechanism of action of pontin and reptin in the assembly of macromolecular complexes.
INTRODUCTION
Proper function of H/ACA RNPs is important for many basic cellular processes, aberrant regulation of which can lead to cancer and underlies genetic disorders. The H/ACA, together with the C/D class of RNPs, accounts for the majority of small nucleolar (sno) RNPs functioning mainly in the site-specific modification of ribosomal and small nuclear RNAs, thus fine-tuning protein translation and premRNA splicing. Additionally, mammalian telomerase is an H/ACA RNP that adds DNA repeats to chromosome ends to protect them from telomere erosion. Each of these functions is specified by one of >150 noncoding H/ACA RNAs, each assembling the same four core proteins around their 39-terminal H/ACA domain to form stable RNA-protein complexes. Some of these H/ACA RNAs are further processed to micro RNAs attenuating translation of target mRNAs. Significantly, mutations in the enzyme of H/ACA RNPs, the pseudouridine synthase NAP57 (also dyskerin, and Cbf5p in yeast), cause the predominant X-linked form of the bone marrow failure syndrome dyskeratosis congenita (X-DC) (Meier 2005; Matera et al. 2007; Kiss et al. 2010; Mason and Bessler 2011) .
Biogenesis of the five-component H/ACA RNPs is surprisingly complex involving at least two H/ACA-specific assembly factors, SHQ1 and NAF1, and several general chaperones (Kiss et al. 2010) . A rate-limiting early step in RNP assembly is the interaction of NAP57 with SHQ1, which is the focus of this study (Yang et al. 2002; Grozdanov et al. 2009b) . NAP57 consists of a central catalytic domain (cat) and N and C termini that wrap around each other to form the NAPDcat domain ( Fig. 1A-C) , which can be expressed independently (Grozdanov et al. 2009a ). Structural information for human NAP57 encompasses only amino acids 31-422 (of 514) omitting the highly charged and unstructured N-and C-terminal extremities (Fig. 1 , cf. B and C; only the long C-terminal extremity is shown in C). The majority of the mostly missense mutations identified in patients with X-DC cluster in the NAPDcat domain (Meier 2006; Ye 2007; Li 2008; Hamma and Ferré-D'amaré 2010) and modulate the interaction with SHQ1 (Grozdanov et al. 2009a; Walbott et al. 2011) .
SHQ1 was identified in yeast as the H/ACA-specific RNP assembly factor Shq1p (Yang et al. 2002) . It consists of the N-terminal HSP90 cochaperone p23-like CS domain (90 4 amino acids) and of the SHQ1-specific domain (SSD, also DCS domain) that accounts for the majority of the protein (487 amino acids; Fig. 1D ; Godin et al. 2009; Grozdanov et al. 2009b; Singh et al. 2009 ). Recently, we and others solved the crystal structures of the yeast orthologs of the SSD alone and in complex with the NAPDcat domain of NAP57, demonstrating that the SSD functions as an RNAmimic hugging the surface of NAP57 that is destined for H/ACA RNAs (Li et al. 2011; Walbott et al. 2011) . Surprisingly, however, this surface in human NAP57 is distant from that harboring most X-DC mutations, leaving one wondering how they modulate the interaction of the two proteins.
Additional factors implicated in the biogenesis of H/ACA RNPs are the two closely related proteins pontin and reptin that belong to the AAA+ superfamily of ATPases (ATPases associated with diverse cellular activities) (King et al. 2001; Boulon et al. 2008; Venteicher et al. 2008; Zhao et al. 2008) . Pontin and reptin have been implicated in a staggering array of basic cellular processes and carry a nearly equal number of different names, including TIP49a/b, Pontin52/ Reptin52, TIP49/48, RUVBL1/2, p55/ 50, and NMP238 in metazoans, and Rvb1/2, Tip49/48, and Tih1/2 in yeast. The discovery of these ATPases initiated with TIP49a in rat (Kanemaki et al. 1997 ) and expanded to all other species (Gallant 2007; Jha and Dutta 2009; Huen et al. 2010) . ATPase-associated processes include transcription, chromatin remodeling, histone acetyltransfer, DNA damage repair, mitotic spindle formation, nonsense-mediated mRNA decay, cellular transformation, and apoptosis to name a few. The role of the ATPases in assembly of macromolecular complexes such as RNA polymerase II, mRNA surveillance complexes, and notably snoRNPs appears tied to the R2TP complex that, in addition to pontin and reptin, contains RPAP3 (hSpagh) and PIH1D1 (NOP17) and that is named after the yeast homologs Rvb1, Rvb2, Tah1, and Pih1, respectively (Fig. 1E; Kakihara and Houry 2012) . The involvement of pontin and reptin in these processes was predominantly identified by their presence in multi-protein complexes exhibiting the corresponding activities. Genetic depletion and siRNA-mediated mRNA knockdown studies further supported their participation, however, without clue as to their mode of action (Gallant 2007; Jha and Dutta 2009; Huen et al. 2010) . Moreover, the role of the R2TP complex is much better documented for C/D than for H/ACA RNPs (Newman et al. 2000; Watkins et al. 2002 Watkins et al. , 2004 Boulon et al. 2008; McKeegan et al. 2009 ). Pontin and reptin are evolutionary highly conserved proteins with homology with bacterial helicases (Iyer et al. 2004; Ammelburg et al. 2006) . The crystal structure of human pontin and that of its complex with reptin, based on negatively stained electron micrographs, are available (Matias et al. 2006; Puri et al. 2007 ). Apparently, the two ATPases form a heterohexa-or dodecameric ring ( Fig. 1E ; Cheung et al. 2010; Gorynia et al. 2011) . The importance of pontin and reptin to human health is indicated by their overexpression in several cancers including hepatocellular carcinoma, colon and bladder cancer, and melanoma (Huber et al. 2008; Jha and Dutta 2009) . Despite this plethora of information on pontin and reptin over the past 15 years, no mechanistic insight has been gained on their role in any of these complexes or processes.
Here we document the interplay of the two complexes, NAP57 d SHQ1 and R2TP. We show how SHQ1 clamps onto the NAPDcat domain of NAP57 (with the CS domain of SHQ1 on one side and the SSD on the other) forming a stable complex. Separation of this tight configuration requires the R2TP complex, which frees up NAP57 for association with an H/ACA RNA and the other H/ACA core proteins. Specifically, PIH1D1 recruits the R2TP complex to NAP57 d SHQ1 allowing pontin and reptin to hold on to the C-terminal tail of NAP57 effecting SHQ1 release, apparently, in an ATP-independent fashion. Essentially, assembly of H/ACA RNPs requires disassembly.
RESULTS
The CS domain of SHQ1 binds to NAP57 in trans to the SSD Binding of SHQ1 to NAP57 is an essential first step in H/ACA RNP biogenesis and occurs through NAPDcat (Grozdanov et al. 2009a,b; Li et al. 2011; Walbott et al. 2011) . The SSD of SHQ1 (Fig. 1D ) binds independently to NAP57, whereas the CS domain alone fails to bind (Godin et al. 2009; Grozdanov et al. 2009b ), yet is essential for cell viability (Singh et al. 2009 ). This and other puzzles prompted us to further investigate the role of the CS domain of SHQ1 in its interaction with NAP57.
We first assessed its functionality in vivo by complementation analysis of a yeast strain depleted of the endogenous SHQ1 ortholog Shq1p. Since human SHQ1 functionally complemented that strain (Walbott et al. 2011) , the yeast counterparts were used for this purpose. Although full-length Shq1p (ySHQ1) provided on a plasmid restored growth to the shq1 null strain, neither the yCS domain nor the ySSD of Shq1p alone were sufficient (Fig. 1F , cf. row 2 and 3,4). However, when the individual domains were provided simultaneously, they fully restored growth to the Shq1p depleted strain (Fig. 1F, row 5) . Thus, the two Shq1p moieties functioned in trans to each other.
To test if this effect was due to binding of the two domains to NAP57, we used our previously developed amylose resin pull-down assay comprising recombinant human NAP57 fused to maltose binding protein (MBP) and recombinant human SHQ1 protein constructs (Grozdanov et al. 2009b) . As demonstrated before, full-length SHQ1 (not shown) and its SSD bound directly to NAP57, whereas the CS domain alone failed to bind (Fig. 1G , lanes 3,2, respectively; note, in all figures, the names of the tethered/ immobilized proteins are indicated in bold and those of the potential binding partners in regular print). In contrast, the CS domain was retained by NAP57 when the SSD was present (Fig. 1G, lane 4) . Although this replicated the trans effect of the two domains observed in vivo (Fig. 1F) , it was unclear whether the CS domain bound to the SSD, to NAP57, or both. To investigate the first possibility, we fused the CS domain and, as control, the MS2 phage coat protein (MCP) to MBP and incubated them with the SSD. The SSD was retained by neither construct (Fig. 1H, lanes 2,4) , consistent with previous data using yeast orthologs (Godin et al. 2009 ). This indicated that the CS domain of SHQ1, even in the presence of the SSD, required NAP57 for binding. To narrow the binding site of the CS domain of SHQ1 on NAP57, we used the NAPDcat construct, which like fulllength NAP57 proved sufficient for retention of the SSD but not of the CS domain alone (Fig. 1I , lanes 3,2, respectively). When provided in trans to the SSD, however, the CS domain bound to NAPDcat (Fig. 1I , lane 4). Because NAP57 is an RNA binding protein and although RNA and SHQ1 binding are mutually exclusive (Li et al. 2011; Walbott et al. 2011) , we ascertained that the protein-protein interactions were direct and not mediated by bacterial RNA that might have copurified. Indeed, RNase treatment of either protein had no effect on NAP57 binding of fulllength SHQ1 or of its CS domain and SSD in trans (Fig. 1J ,K, respectively). We Also, the MBP-tag is omitted when the migration position of the fusion proteins is marked on the side of the gel. As reported previously, all MBP-NAP57 constructs containing its charged and unstructured C terminus migrate as a doublet (Grozdanov et al. 2009a,b; Walbott et al. 2011) . ( conclude that direct interaction of the SSD of SHQ1 with NAPDcat stabilized or induced a ternary complex with the CS domain.
SHQ1 clamps onto the DC mutation cluster of NAP57
Having demonstrated that the SSD is an RNA-mimic docking to the RNA binding surface of NAPDcat (Li et al. 2011; Walbott et al. 2011) , we probed if the CS domain of SHQ1 might bind on the opposite side where most X-DC mutations cluster. The pathogenic mutations of methionine 350 of NAP57 to isoleucine and threonine enhance and reduce, respectively, its affinity for full-length SHQ1 (Grozdanov et al. 2009a) . When the binding of the CS domain of SHQ1 in trans to its SSD was compared with that of wild-type NAP57 ( Fig. 2A, lane 5) , the reducing NAP57 mutation (M350T) abolished binding (lane 6) and the enhancing mutation (M350I) had little effect (lane 5). Therefore, the impact of the X-DC mutation in NAP57 that reduced binding to SHQ1 (Grozdanov et al. 2009a ) was amplified in trans abolishing binding of the CS domain of SHQ1 altogether. Binding of the SSD alone was unaffected by the disease mutations on the opposite side of NAP57 (Fig. 2B ). These data indicated that the CS domain of SHQ1 bound to the surface with the major X-DC mutation cluster, opposite from the RNA binding surface of NAPDcat where the SSD bound. In this manner, the CS domain of SHQ1 and its SSD sandwiched NAPDcat between them (see model in Fig. 7C , below). Such an interlocking configuration should result in a stable complex between NAP57 and SHQ1. Indeed, despite the salt-sensitivity of association of SHQ1 and NAP57 (Fig. 2C , lanes 2-5; Grozdanov et al. 2009a) , once formed, their complex withstood salt concentrations of even 2 M sodium chloride (lanes 6-9). Moreover, high salt was unable to remove the individual SHQ1 domains, CS and SSD, from NAP57 when bound in trans (Fig. 2D , lanes 6-9) and the NAPDcat domain was sufficient for this tight interaction (Fig. 2E , lanes 6-9). In summary, SHQ1 could not be removed from NAP57 once bound, indicating a very low off rate and illustrating its viselike grip on NAP57.
ATP-independent release of SHQ1 by cytosolic factors
The tight binding of SHQ1 to NAP57 suggested that their separation required chaperones. Several chaperones have been implicated in snoRNP biogenesis, in particular, the AAA+ ATPases pontin and reptin, the R2TP complex that additionally includes PIH1D1 and RPAP3 ( Fig. 1E ), HSP90, and several others (Newman et al. 2000; King et al. 2001; Watkins et al. 2002 Watkins et al. , 2004 McKeegan et al. 2007 McKeegan et al. , 2009 Venteicher et al. 2008; Zhao et al. 2008; Boulon et al. 2010 ). As AAA+ proteins are known for breaking protein-protein interactions, e.g., the prototypical AAA protein N-ethylmaleimide-sensitive factor (NSF) disassembles SNAP-SNARE complexes (Zhao et al. 2012) , we tested if pontin and reptin functioned similarly in the separation of NAP57 and SHQ1. Purified recombinant pontin and reptin were added to the preformed complex of SHQ1 and MBP-NAP57 in the presence and absence of ATP. Compared with the untreated complex (Fig. 3A , lane 2), none of these additions released SHQ1 from NAP57 (lanes 3-8), suggesting that the recombinant proteins were insufficient or inactive. To account for these possibilities, we incubated the NAP57dSHQ1 complex with HeLa cytosolic S100 extract that, except for snoRNAs, contained all factors required for assembly of functional H/ACA RNPs including pontin (shown FIGURE 2. The CS domain of SHQ1 binds to the major X-DC mutation cluster of NAP57, forming a tight clamp together with the SSD. Amylose resin pull-down assays as in Figure 1G -K. (A) Binding of the CS domain of SHQ1 in trans to its SSD to wild-type and X-DC mutant NAP57. The hypomorphic M350T mutation abolishes binding of the CS domain of SHQ1, but not of the SSD. A contrast-enhanced image of the area right above where the CS domain migrates is outlined (boxed). (B) The SSD alone binds to NAP57 with X-DC mutations. (C) Increasing salt beyond physiological levels abolishes SHQ1 binding to NAP57 (lanes 2-5) but even 2 M salt is unable to release SHQ1 once bound (lanes 6-9). (D) As in C, but binding to NAP57 of the CS domain of SHQ1 in trans to its SSD. Only binding of the CS domain, but not that of the SSD, is salt sensitive (lanes 2-5) and neither is released once bound (lanes 6-9). (E) As in D, but binding to NAPDcat.
by immunoblot in Fig. 3B ; Wang and Meier 2004) . S100 extract removed SHQ1 from MBP-NAP57 in a concentration-dependent manner (Fig. 3C , cf. lanes 1,2, and 4). Surprisingly, addition of ATP to the extensively dialyzed extract had no impact on the release reaction (Fig. 3C , lanes 3,5). In fact, further depletion of ATP from the extract by preincubation with apyrase similarly failed to affect the release activity in the extract (Fig. 3D ). Although the apparent ATP independence of the release reaction seemed to preclude the involvement of HSP90, we further probed for HSP90 contribution by incubation of the S100 extract with a more specific HSP90 inhibitor, geldanamycin (Stebbins et al. 1997) . However, at 4 and 8 mM, geldanamycin failed to impact the release activity of S100 extract (Fig. 3E ). Therefore, release of SHQ1 from MBP-NAP57 apparently occurred independent of ATP and HSP90. The latter is consistent with the failure of HSP90 to interact with the CS domain of SHQ1, which is homologous with the HSP90 cochaperone p23 (Godin et al. 2009; Singh et al. 2009 ).
Pontin and reptin are required for SHQ1 release
To investigate if pontin formed part of the release activity in S100 extract, the impact of pontin antibodies was tested. Pontin antibodies inhibited S100-mediated release of SHQ1 from NAP57 (Fig. 4A , top panel, cf. lanes 2 and 3). Moreover, after SHQ1 release, pontin from the extract remained bound to NAP57 (Fig. 4A , bottom panel, lane 2) but not to the control protein MCP (lane 4), nor when quenched by antibodies (lanes 3,5). To ascertain that the inhibition of SHQ1 release by the pontin antiserum was due to antibodies directed against pontin (and not a nonspecific factor in the serum), increasing amounts of recombinant pontin were added to the antiserum. In this experiment, pontin (Fig. 4B , lanes 4-6), but not reptin (lanes 7-9), reversed the inhibition of SHQ1 release by pontin antiserum (lane 3) in a concentration-dependent manner. Similarly, reptin antiserum inhibited S100-mediated SHQ1 release (Fig. 4C , cf. lanes 2 and 3), which was quenched in a concentrationdependent manner by recombinant reptin (lanes 4-6) but not pontin (lanes 7-9). Therefore, pontin and reptin were required for SHQ1 release.
Given that the individual SHQ1 domains, CS and SSD, also bound tightly to MBP-NAP57 when provided in trans (Fig. 2D) , we tested if S100 could release them, together or individually, and if this was pontin and reptin mediated. As FIGURE 3. SHQ1 can be released from NAP57 by cytosolic S100 extracts in an ATP-and HSP90-independent fashion. (A,C-E) Amylose resin pull-down assays as in Figure 1G -K. (A) SHQ1 bound to MBP-NAP57 (lane 2) was incubated with recombinant pontin, reptin, or both (2.5 mg each) in the presence (+) and absence (À) of 1 mM ATP. (B) Western blot of recombinant pontin (lane 1) and cytosolic S100 extract (lane 2) probed with pontin antibodies and developed with enhanced chemiluminescence (ECL). (C) SHQ1 bound to MBP-NAP57 (lane 1) was incubated with 1 mL and 10 mL of S100 extract in the presence (+) and absence (À) of 1 mM ATP. (D) SHQ1 bound to MBP-NAP57 was incubated with S100 that was pretreated with (+) and without (À) Apyrase (140 mU/mL) for 30 min at 37°C. (E) SHQ1 bound to MBP-NAP57 was incubated with S100 that was pretreated with the HSP90 inhibitor geldanamycin (GA) at 0, 4, and 8 mM for 60 min at 37°C. 1-3) or to control MBP-MCP (lanes 4,5) in amylose resin pull-down assays as in Figure 3C -E, except that the SDS-PAGE was transferred to nitrocellulose and stained with amido black (upper panel) and probed with pontin antibodies (lower panel). The bound proteins were incubated with S100 that was pretreated with (+) and without (À) pontin antibodies. (B-H) Same as A but coomassie blue stained gels. (B) SHQ1 bound to MBP-NAP57 (lane 1) was released with S100 extract (lane 2), which was pretreated with pontin antibodies (lane 3) that were incubated with 0.5, 1.5, and 2.5 mg of recombinant pontin (lanes 4-6) or reptin (lanes 7-9). (C) Same as B but with reptin antibodies. (D) MBP-NAP57 was incubated with the SHQ1 constructs indicated above the gel and treated with (+) and without (À) S100. Note the SSD bound to MBP-NAP57 was not removed by S100 (lanes 3,4) . (E) The CS domain of SHQ1 bound in trans to its SSD to MBP-NAP57 was removed by S100 (lane 2), which was inhibited by pontin and reptin antibodies (lanes 3,4). (F) PIH1D1 antibodies inhibited S100-mediated removal of SHQ1 from MBP-NAP57 (lane 3). The inhibition was relieved by recombinant PIH1D1 (lane 4). (G) Same as F but with RPAP3 antibodies and protein. (H) Control. Unlike pontin antibodies (lane 6), antibodies directed against NAP57, SHQ1, and NAF1 did not inhibit the release activity of S100 extracts (lanes 3-5, respectively). observed above, S100 released full-length SHQ1 from MBP-NAP57 (Fig. 4D, lanes 1,2) whereas binding of the SSD was unaffected by incubation with S100 (lanes 3,4) and the CS domain alone was unable to bind (lanes 5,6), as observed previously ( Fig. 1G ; Godin et al. 2009; Grozdanov et al. 2009b) . However, when bound in trans, S100 quantitatively removed the CS domain of SHQ1 but barely impacted binding of its SSD (Fig. 4D, cf. lanes 7 and 8) . Moreover, removal of the CS domain (bound in trans to the SSD) required pontin and reptin because antibodies to these proteins inhibited its release by S100 (Fig. 4E, cf. lane  2 and 3,4) . These data suggested that pontin and reptin primarily acted on the N-terminal CS domain of SHQ1 when removing full-length SHQ1 from NAP57.
The R2TP complex is required for SHQ1 release
We investigated the involvement in SHQ1 release of the two other components of the R2TP complex, PIH1D1 and RPAP3, because recombinant pontin and reptin were insufficient for SHQ1 removal (Fig. 3A) . PIH1D1 antiserum inhibited the SHQ1 release activity of S100 extract (Fig. 4F, lane 3) and the inhibition could be relieved by addition of recombinant PIH1D1 (lane 4), which on its own did not affect the release reaction (lane 5). Similarly, RPAP3 monoclonal antibodies inhibited the release reaction (Fig. 4G, lane 3) , which could be rescued by recombinant RPAP3 (lane 4). Importantly, antibodies to NAP57, SHQ1, or the other H/ACA-specific assembly factor NAF1 had no impact on the release activity in S100 extracts documenting the specificity of inhibition by antibodies to the components of the R2TP complex (Fig. 4H) . Therefore, all components of the R2TP complex were required for removal of SHQ1 from NAP57.
The R2TP complex interacts directly with NAP57 and SHQ1
To gain mechanistic insight into the function of the R2TP complex in SHQ1 removal from NAP57, we probed the physical interactions of all components using recombinant proteins. Specifically, the interactions of pontin and reptin with NAP57 (Fig. 5A-D ) and SHQ1 constructs (Fig. 5E-G) , of PIH1D1 with NAP57 (Fig. 5H ), of RPAP3 with NAP57 (Fig. 5I) , and of PIH1D1 and RPAP3 with SHQ1 (Fig. 5J) were tested. For schematics of the constructs, see above (Fig.  1A-E) .
Although an association between pontin and NAP57 has been reported (Venteicher et al. 2008) and noted in the S100 extract (Fig. 4A) , we investigated if that was also the case for reptin, if the interaction occurred directly, and where ( Fig. 5A-D) . Specifically, we incubated recombinant pontin and reptin alone or together with MBP-NAP57 or, as control, with MBP-MCP and determined if the fusion proteins retained them when immobilized on amylose resin via their MBP moiety. Both pontin and reptin alone and together bound directly to NAP57 (Fig. 5A, lanes 7-9) but not to the MCP control protein (lanes 10-12). Note a larger read-through product copurifies with recombinant reptin (e.g., Fig. 5A , lane 2) that also binds to NAP57 (lane 8). This higher band migrates closely to pontin and on most occasions is not separated from it (e.g., Fig 5B, lane 10) . In binding studies to individual domains of NAP57, we mapped the binding of pontin and reptin to the NAPDcat domain (Fig. 5B, lane 9) , the same domain that SHQ1 clamps onto. Interestingly, the C terminus of NAP57 (NAP-C) alone was insufficient for pontin and reptin binding (Fig.  5B, lane 8) ; binding depended on the presence of the N terminus (lane 9), which as part of the NAPDcat domain contributes to the X-DC mutation cluster that is contacted by the CS domain of SHQ1 ( Fig. 2A) . Pontin and reptin also bound individually to NAPDcat (Fig. 5C, lanes 3,4) . To further narrow down the interaction domain on NAP57, we removed its highly charged and unstructured N-and C-terminal extremities yielding NAP 31-422 (see Fig. 1A ,B). Pontin and reptin alone and together bound to this construct (Fig. 5D , lanes 4-6), as did SHQ1 (Walbott et al. 2011) , narrowing down their interaction domain on NAP57 to amino acids 31-90 and 288-422 (N + C domain in Fig.  1B) . Therefore, pontin and reptin bind to the same domain on NAP57, NAPDcat, as SHQ1 without the help of the highly charged and unstructured terminal extremities. Whether binding occurs simultaneously or sequentially remains to be determined.
We investigated if pontin and reptin interacted with SHQ1 ( Fig. 5E-G) . Individually and together, pontin and reptin were retained by MBP-SHQ1 (Fig. 5E, lanes 4-6) . When they were added to the CS domain of SHQ1 (fused to MBP), they both bound to that domain (Fig. 5F , lanes 4-6). In reverse experiments, wherein pontin and reptin were tethered (to glutathione beads via GST moieties), only the CS domain but not the SSD was retained (Fig. 5G, lanes  4,3, respectively) , even when provided simultaneously (lane 6). This confirmed the result with the MBP-CS construct (Fig. 5F ) and was consistent with the earlier observation that the pontin-and reptin-dependent removal of SHQ1 from NAP57 required the presence of the CS domain of SHQ1 (Fig. 4D,E) .
The other two components of the R2TP complex, PIH1D1 and RPAP3, were also tested for their interaction pattern with NAP57 and SHQ1 (Fig. 5H-J) . PIH1D1 bound to full-length NAP57 and to NAPDcat but not to its catalytic domain alone or to the MCP control protein (Fig. 5H, lanes 5-8) . RPAP3 failed binding to even fulllength NAP57, alone (Fig. 5I, lane 3) and in the context of the other proteins of the R2TP complex (R2P, lane 4). Neither PIH1D1 nor RPAP3 interacted with SHQ1 (Fig. 5J,  lanes 3,4) . In summary, pontin and reptin associated with both NAP57 and SHQ1, whereas PIH1D1 only bound NAP57, and RPAP3 interacted with neither protein. These data support a model in which the R2TP complex is recruited to the NAP57dSHQ1 complex by PIH1D1 to the NAPDcat domain of NAP57 and pontin d reptin additionally to the CS domain of SHQ1.
Finally, we tested if the entire recombinant R2TP complex was sufficient for SHQ1 release (Fig. 5K) . When added to the preformed NAP57dSHQ1 complex, neither the R2TP components individually nor in complex succeeded in SHQ1 release (Fig. 5K, lanes 3-6) , independent of ATP addition (lane 7), but in contrast to S100 extract (lane 8). Nevertheless and consistent with the binding data above, pontin, reptin, and PIH1D1, but not RPAP3, were retained on the complex. These data suggested that additional factors in the S100 extract were required for the release reaction or that the recombinant R2TP complex was inactive.
Pontin and reptin are required for H/ACA RNP accumulation in vivo
To determine if pontin and reptin (and the R2TP complex) also functioned in the cell in H/ACA RNP biogenesis, we studied the effect of their siRNA-mediated knockdown (Fig. 6 ). As anticipated from previous studies, knockdown of both pontin and reptin caused a depletion of pontin due to their coexistence in a heterohexameric ring (Fig. 6A,  lanes 3,4) . Knockdown of pontin and reptin also resulted in a loss of NAP57 and NHP2 (Fig. 6A) , indicating an overall destabilization of H/ACA RNPs. However, SHQ1, Nopp140 (another protein implicated in snoRNP biology), and tubulin levels remained unaffected indicating that SHQ1 by itself was stable. Given that pontin and reptin are also implicated in C/D RNP biogenesis (Newman et al. 2000; King et al. 2001) , it was not surprising that their knockdown also diminished the C/D core protein fibrillarin (Fig. 6A) . Additionally, fibrillarin, but none of the other proteins, was lost when control siRNA against fibrillarin was employed (Fig. 6A, lane 2) . Furthermore, pontin and reptin knockdown caused a reduction in the H/ACA RNAs, E3, U17/E1, and human telomerase RNA hTR, and in the C/D RNA U3 (Fig. 6B, lanes 3,4) , whereas knockdown of NAP57 and SHQ1 only reduced the levels of the H/ACA RNAs (lanes 5,6). Knockdown of fibrillarin caused a decrease in U3 but a slight increase in H/ACA RNAs (Fig. 6B , lane 2), as observed previously (Grozdanov et al. 2009b ). In summary, knockdown of pontin and reptin caused an overall reduction in snoRNPs, both H/ACA and C/D, including their core proteins, whereas knockdown of NAP57 and SHQ1 specifically impeded H/ACA RNP accumulation.
The R2TP complex catches NAP57 by its tail
How does the R2TP complex effect the release of SHQ1 from NAP57? We already determined that the CS domain of SHQ1 (to which pontin and reptin bind) and the NAPDcat domain of NAP57 (which is the target of both PIH1D1 and pontin and reptin) are required for the separation of the two proteins. AAA+ ATPases usually form hexameric rings through which they thread strands of molecules they interact with, i.e., DNA in case of helicases and polypeptide chains in case of unfoldases (Ogura and Wilkinson 2001) . Given that the highly charged, 30-amino acid-long N-and 92-amino acid-long C-terminal tails of NAP57 show low complexity and appear unstructured, we asked if they were required for R2TP-mediated release of SHQ1 from NAP57. When SHQ1 was added to full-length NAP57 (Fig. 7A, 1-514 , lane 1) and to NAP57 without its terminal extremities (31-422, lane 2), they both bound (lanes 3,4, respectively), as observed previously (Walbott et al. 2011) . However, S100 extract released SHQ1 only from full-length NAP57 (Fig. 7A, lane 5) but not from that lacking its ends (lane 6). To determine which of the termini or if both were required, we investigated SHQ1 release from NAP57 missing only the N-terminal (NAP 31-514) or the C-terminal (NAP 1-422) extremity ( Fig. 7B ; see Fig. 1A for constructs). Whereas all constructs bound SHQ1 (Fig.  7B, lanes 1-4) , S100 released SHQ1 only from full-length NAP57 (1-514, lane 5) and from that missing its N-terminal extremity (31-514, lane 6). In contrast, both constructs missing the C-terminal tail of NAP57 alone (Fig. 7B, 1-422 , lane 7) or in combination with the N-terminal piece (31-422, lane 8) proved resistant to S100-mediated SHQ1 release. Therefore, the unstructured C-terminal tail of NAP57 was essential for R2TP-mediated release.
DISCUSSION
Fifteen years since the discovery of the AAA+ ATPases pontin and reptin and an ever-expanding array of basic cellular processes they are associated with, we provide the first insight into their mode of action. Specifically, our data imply the following model of NAP57 and SHQ1 association and dissociation, which are essential first steps in the biogenesis of all H/ACA RNPs including telomerase. SHQ1 binds to the NAPDcat domain of NAP57 on two sides, with the SSD on the RNA binding surface and with the CS domain on the surface that exposes the major X-DC mutation cluster (Fig. 7C) . Thus, SHQ1 binds viselike to NAP57 requiring chaperones for its release. The R2TP complex, comprising the AAA+ ATPases pontin and reptin in a heterohexameric ring and PIH1D1 and RPAP3, is recruited to the NAP57 d SHQ1 complex by PIH1D1, which attaches to NAPDcat, and by pontin and reptin, which bind to the CS domain of SHQ1 (Fig. 7C, a) . This positions the C-terminal tail of NAP57 so that it can be engaged by the AAA+ ATPase ring to unlock SHQ1 from NAP57 (Fig. 7C,  a) . Additionally or alternatively, the ATPase ring, which can interact with both the CS domain of SHQ1 and the NAPDcat domain of NAP57, undergoes a conformational change physically separating the two proteins (Fig. 7C, b) . In either case, this allows access to an H/ACA RNA and the other core proteins, eventually resulting in a mature H/ ACA RNP.
Several key experiments support this model. The high affinity of SHQ1 for NAP57 is supported by the fact that the CS domain of SHQ1 binds to NAP57 only in trans to the SSD and on the opposing side of NAP57 (Figs. 1G-K; 2A), and that it cannot be released by high salt concentration. The requirement for the SSD to allow binding of the CS domain to NAP57 indicates that the SSD interaction with NAP57 induces an allosteric rearrangement in NAP57 (and SSD) and/or provides an additional surface stabilizing the trimer consisting of the CS domain, the SSD, and NAP57. Docking of the CS domain of SHQ1 onto the surface of NAP57 that harbors the major X-DC mutation cluster, in addition to the interaction of the SSD with FIGURE 6. Pontin and reptin are required for H/ACA RNP accumulation in vivo. (A) Western blots of low and high salt cell extracts from HeLa cells treated with the siRNAs to the targets indicated on top (in bold) and probed with antibodies to the proteins indicated on the right. Pontin and reptin knockdowns deplete pontin, fibrillarin, NAP57, and NHP2, but not SHQ1 nor tubulin or Nopp140 (lanes 3,4), whereas fibrillarin knockdown only depletes fibrillarin (lane 2). (B) Northern blots of total RNA extracted from cells treated with siRNAs to the targets indicated on top (in bold) and probed for RNAs indicated on the right. The amounts of the snoRNAs are each expressed as percent relative to the mock treated sample and were quantified relative to snRNA U1. a domain containing other mutations observed in X-DC (Walbott et al. 2011) , explains why the interaction of SHQ1 with NAP57 is modulated by X-DC mutations (Grozdanov et al. 2009a) . Therefore, small molecules that target the interaction of SHQ1 with NAP57 could form a basis for therapeutic intervention in X-DC.
The R2TP complex and its components have been implicated in snoRNP biogenesis overall and that of telomerase specifically (Newman et al. 2000; King et al. 2001; Watkins et al. 2002 Watkins et al. , 2004 McKeegan et al. 2007 McKeegan et al. , 2009 Boulon et al. 2008; Venteicher et al. 2008; Zhao et al. 2008 ). Here we define the actual step in H/ACA RNP assembly in which the R2TP complex functions: It is required for SHQ1 release from NAP57 in vitro and in vivo, i.e., antibodies to its components specifically inhibit SHQ1 release and knockdown of pontin and reptin causes a loss of H/ACA RNPs. SHQ1 removal depends on its CS domain, to which pontin and reptin bind (Fig. 5F,G) , because the SSD alone is not subject to removal by the ATPases (Fig. 4D,E) . Additionally, PIH1D1 is required for the release (Fig. 4F) and binds to the NAPDcat domain of NAP57 (Fig. 5H) , recruiting pontin and reptin or assisting in the release reaction. The recruitment of the R2TP complex through PIH1D1 could be similar to that of the scaffold protein TEL2 (Horejsí et al. 2010) , although phosphorylation of SHQ1 is apparently not required for its interaction with PIH1D1 because it occurs between bacterially expressed proteins (Fig. 5H) . The involvement of RPAP3 is less clear, as it fails to interact with any of the participants (Fig. 5I-K) . The role of RPAP3 could be indirect, possibly through stabilization of PIH1D1, as reported (Zhao et al. 2008 ), but apparently without the help of HSP90 (Grozdanov et al. 2009b) . Therefore, the main actors in SHQ1 release are pontin, reptin, and PIH1D1 (i.e., the R2P complex), which is consistent with previous observations that RPAP3 (and HSP90) was only important under stress conditions, such as stationary phase in yeast , and that an R2P-only complex could be separated from larger complexes containing the ATPases on sucrose gradients of yeast extracts (Pih1 = YHR034c; Jó nsson et al. 2004). Finally, even more factors may be required for this seemingly simple separation of two proteins because recombinant R2TP alone was insufficient (Fig.  5K) . Potential candidates include the prefoldin proteins that have been shown to cooperate with the function of the R2TP complex in the assembly of RNA polymerase II and PIKKs, or the PIH1D1-interacting TEL2 itself (Boulon et al. 2010; Horejsí et al. 2010) .
AAA+ ATPases are known to form hexameric rings and apparently function in one of two major ATP-dependent fashions, the threading of their target molecules through the central orifice and the application of rotary force along the ring. The former is dramatically illustrated by the forces generated by the bacterial unfoldase ClpX while engaging a polypeptide chain (Maillard et al. 2011 ) and the latter by SNARE disassembly (Ogura and Wilkinson 2001) . In our case of pontin and reptin in H/ACA RNP biogenesis, either model is conceivable (Fig. 7C, a and b) . We prefer model a, proposing that the ATPases thread the C-terminal tail of NAP57 through their central orifice to separate NAP57 from SHQ1 (Fig. 7C, a) , because the tail of NAP57 is required for release (Fig. 7B ) and because it is unstructured. In fact, the tail of NAP57 may promote two SDS-resistant conformations of NAP57 because in its absence NAP57 migrates as a single band on SDS-PAGE (e.g., Fig. 5B , lane 7; Fig. 7B, lanes 7,8) , whereas all NAP57 constructs that Mechanism of the R2TP complex in snoRNP biogenesis www.rnajournal.org 1841 include the tail migrate as a doublet (Grozdanov et al. 2009a,b; Walbott et al. 2011) . Therefore, the tail could promote a ''threading-ready'' conformation in NAP57. Such a tail-dependent mechanism could be analogous to that of the red algae AAA+ protein CbbX, which activates Rubisco by pulling on its C-terminal tail (Mueller-Cajar et al. 2011) . Nevertheless, binding of pontin and reptin to both target proteins, SHQ1 (through its CS domain) and NAP57 (through its NAPDcat domain) (Fig. 5A-F) , offers potential handles for the ring to pry apart the two proteins, simply by changing the conformation of their ring (Fig. 7C, b) . However, this model fails to explain why the unstructured tail of NAP57 is not required for pontin and reptin binding (Fig. 5D ) yet is essential for the separation of NAP57 and SHQ1. Of course, the two models are not mutually exclusive and could function concordantly.
Targeting of the highly charged and unstructured tail of NAP57 by the AAA+ ATPases is an attractive mechanism not only for the biogenesis of H/ACA RNPs but also that of C/D RNPs because the R2TP complex is required for their assembly (Newman et al. 2000; Watkins et al. 2002 Watkins et al. , 2004 Boulon et al. 2008; McKeegan et al. 2009 ) and because the C/D core proteins NOP56 and NOP58 end in homologous tails (Gautier et al. 1997) . Intriguingly, like NAP57, yeast NOP58 interacts with yeast PIH1D1 (Nop17; Gonzales et al. 2005) . Therefore, pontin and reptin action may generally require highly charged and unstructured amino acid tails. However, stable interaction with the tails is not part of the process because pontin and reptin bind to NAP57 in the absence of its tail (Fig. 5D) . Interestingly, the charged tail of yeast NAP57, Cbf5p, is essential for cell viability (Jiang et al. 1993) and that of yeast NOP56 and NOP58 is important for nucleolar integrity (Colau et al. 2004 ). In summary, our model seems to apply to general snoRNP biogenesis.
As the name suggests, AAA+ ATPases normally hydrolyze ATP to exert their activities. However, the release activity in the S100 extracts is apparently ATP-independent (Fig. 3C,D) . Nevertheless, we cannot rule out that in the extracts ATP (or ADP) has remained tightly bound to pontin and reptin and that a single round of hydrolysis (or release) is sufficient for the observed separation of SHQ1 and NAP57. Also, ATP hydrolysis may only be required for release of the ATPases from NAP57 after SHQ1 has been removed. Regardless, it is conceivable that in the case of the NAP57 d SHQ1 complex, pontin and reptin function in an ATP-independent fashion. Thus, despite the ability to coax recombinant pontin and reptin to hydrolyze ATP in vitro, the results are inconsistent (Puri et al. 2007; Gribun et al. 2008; Torreira et al. 2008; McKeegan et al. 2009 ) and have been questioned (Jha and Dutta 2009) . Furthermore, pontin and reptin belong to an evolutionary group of AAA+ ATPases that is separate from the bacterial RuvB helicases (which truly require ATP for unwinding; Iyer et al. 2004; Ammelburg et al. 2006 ). Therefore, it is possible that simple, perhaps competitive binding is sufficient to separate NAP57 and SHQ1. For example, R2TP binding could reverse the allosteric changes induced in NAP57 by interaction with the SSD, thereby sufficiently loosening the hold of SHQ1 for H/ACA RNA access.
Where in the cell do the tight NAP57 d SHQ1 association and the R2TP-mediated separation occur? Without the context of an RNP, NAP57 is unstable and requires chaperones for stabilization (Grozdanov et al. 2009b) . Therefore, to prevent aggregation and degradation of NAP57 and binding of random RNAs (Walbott et al. 2011) , it is likely that SHQ1 associates with NAP57 at the site of translation in the cytoplasm, or post-translationally. The dimer may then travel into the nucleus by virtue of the multiple nuclear localization signals of NAP57 (Meier and Blobel 1994; Heiss et al. 1999; Youssoufian et al. 1999 ). Only at the site of transcription of H/ACA RNAs is there a need for SHQ1 to be replaced by the specific RNAs. It is tempting to speculate that the presence of pontin and reptin in transcription and chromatin remodeling complexes (Jha and Dutta 2009; Boulon et al. 2010 ) puts the machinery for this exchange at the right place at the right time.
Finally, what are the advantages of the tight binding of SHQ1 to NAP57? It assures safe passage of NAP57 through the cell from the point of translation across the nuclear envelope to the site of H/ACA RNA transcription. Similarly, it prevents noncognate RNAs from associating with the RNA binding domain of NAP57 (Li et al. 2011; Walbott et al. 2011) . Importantly, it provides a means of regulation of NAP57 availability, e.g., through spatiotemporal control of the activity of pontin and reptin, such as the sumoylation of reptin (Kim et al. 2006) . In a more general consideration, the function of pontin and reptin in NAP57 d SHQ1 separation may serve as a paradigm for the remodeling of the many other macromolecular complexes these AAA+ ATPases are associated with.
MATERIALS AND METHODS

DNA and RNA constructs
All constructs were based on human proteins, except pontin and reptin, which were based on mouse sequences that, however, differ from those in humans by only two conservative changes. Most constructs have been described previously, MBP-NAP57 (pPG17), SHQ1 (pPG18), SHQ1-CS (pPG14), SSD (pPG15), and MBP-MCP in Grozdanov et al. (2009b) , MBP-NAPDcat (pPG32), MBP-NAP57-cat (pPG48), MBP-NAP57-C (pPG33), MBP-NAP57 M350I (pPG61), and MBP-NAP57 M350T (pPG60) in Grozdanov et al. (2009a) , pontin (pTIP49) and reptin (pTIP48) in Newman et al. (2000) , GST-pontin (pTIP49GST) and GST-reptin (pTIP48GST) in McKeegan et al. (2009) . The pontin and reptin constructs were kind gifts from Nick Watkins and Kenny McKeegan (University of Newcastle upon Tyne, UK). MBP-NAP 1-422 (pRM67) and MBP-NAP 31-514 (pRM68) were generated like MBP-NAP 31-422 (pTM193) (Walbott et al. 2011) . MBP-SHQ1 (pRM9) and MBP-CS (pRM10) were generated by amplification of full-length SHQ1 and its first 90 amino acids, respectively, and cloning into the same vector used to construct MBP-NAP57 (pPG17). Yeast SHQ1 constructs, ySHQ1 (Shq1p), and yCS (CS domain of Shq1p, amino acids 1-144) were cloned as fusions with myc epitopes into pESC-LEU (Agilent Technologies). The ySSD (SSD of Shq1p, amino acids 145-507) with a FLAG epitope was cloned under the control of the GAL10 promoter into pESC-LEU, alone or together with yCS. Complementation analysis was performed exactly as described (Walbott et al. 2011) . Human cDNAs for PIH1D1 and RPAP3 were purchased from OriGene Technologies and American Type Culture Collection, respectively, and fused to N-and C-terminal hexa-histidine tags as described for the SHQ1 constructs (Grozdanov et al. 2009b ) to generate the bacterial expression vectors for PIH1D1 (pRM18) and RPAP3 (pRM23).
RNA oligonucleotides for siRNA-mediated silencing were described previously, siNAP57 and sifibrillarin (Darzacq et al. 2006) , siSHQ1 (Grozdanov et al. 2009b) , and sipontin (TIP49) and sireptin (TIP48) (TIP48; Watkins et al. 2004 ).
Recombinant proteins and pull-down assay
Recombinant proteins were produced and purified as described (Grozdanov et al. 2009b ). All constructs were expressed in the bacterial strain BL21, except for all MBP-NAP57 fusion constructs, which were expressed in Rosetta 2 (Novagen).
Pull-down assays were performed as described (Walbott et al. 2011 ) with the following experiment-specific alterations. For removal of potential contaminating bacterial RNAs, recombinant proteins (z5 mg) were pretreated with RNase A (1000 units). Incubations at the indicated salt concentrations were carried out in the presence of 1% Triton X-100 for 30 min at room temperature before or after binding. For release experiments, the MBP-NAP57 and SHQ1 constructs (z5 mg each) were allowed to associate for 25 min at room temperature before an equal incubation with 10 mL S100 extract (13 mg/mL) in 200 mL total volume and binding to 25 mL amylose resin. HeLa cytosolic S100 extract was prepared as described (Dignam et al. 1983 ) and kindly provided by Charles Query (Department of Cell Biology, Albert Einstein College of Medicine, Bronx, NY). After adsorption, the beads were washed four times with 1 mL binding buffer and the proteins eluted into SDS sample buffer. In case of glutathione-Stransferase fusion proteins, glutathione sepharose 4B beads were used (GE Healthcare Bio-Sciences). Where indicated, the following chemicals (final concentrations in parentheses) were added with S100, ATP (1 mM), apyrase (10 mg/mL, z1400 units/mg), and geldanamycin (GA, 4 and 8 mM), all purchased from Sigma. For antibody inhibition studies, 10 mL S100 was preincubated overnight at 4°C with 3 mL antiserum or, in the case of RPAP3 antibodies, with 15 mL ascites fluid. To relieve inhibition, antibodies were neutralized (prior to addition to S100) with 5 mL of recombinant proteins (0.5 mg/mL) for 60 min at 4°C. To study concentration dependence, additionally 1 mL and 3 mL of recombinant proteins were used. All experiments were repeated at least twice (most more frequently) with identical results.
Rabbit antisera (sources in parentheses) against the following antigens were used: pontin, reptin, and PIH1D1 (ProteinTech Group, Inc.); NAP57 (RU8) and NAF1 (CRX6; Darzacq et al. 2006) ; and SHQ1 (BA10; Grozdanov et al. 2009b 
Western and Northern blotting
For knockdown experiments, siRNAs were transfected into U2OS cells using Lipofectamine 2000 (Invitrogen) and the cells collected for analysis 48 h post-transfection as described for Western and Northern blotting (Grozdanov et al. 2009b ). For Western blots, mouse monoclonal anti-tubulin (Sigma; 0.3 mg/mL) and antifibrillarin antibodies (D77 at 1 mg/mL; Aris and Blobel 1988) , and rabbit polyclonal anti-Nopp140 (RS8; Kittur et al. 2007 ) and anti-NHP2 antisera (CG2; Grozdanov et al. 2009b) were used in addition to those employed in the S100 inhibition experiments above. Probes and procedures for Northern blots were identical to those reported previously (Grozdanov et al. 2009b ).
